Purpose of Review Summarize biopsychosocial factors associated with using continuous glucose monitors (CGMs), insulin pumps, and artificial pancreas (AP) systems and provide a "call to the field" about their importance to technology uptake and maintained use. Recent Findings Insulin pumps and CGMs are becoming standard of care for individuals with type 1 diabetes (T1D). AP systems combining a CGM, insulin pump, and automated dosing algorithm are available for commercial use. Despite improved glycemic control with AP system use, numerous barriers exist which may limit their benefit. Studies on components of AP systems (pumps, CGMs) are limited and demonstrate mixed results of their impact on fear of hypoglycemia, adherence, quality of life, depression and anxiety, and diabetes distress. Studies examining biopsychological factors associated specifically with sustained use of AP systems are also sparse. Summary Biological, psychological and social impacts of AP systems have been understudied and the information they provide has not been capitalized upon.
Introduction
Throughout the last several decades, there has been a rapid increase in novel technology available for individuals with type 1 diabetes (T1D) to monitor and control their blood glucose. Continuous subcutaneous insulin infusion pumps and continuous glucose monitors (CGMs) are becoming standard of care for many individuals with T1D. Insulin pump usage is at or above 50% in many countries and CGM use has grown exponentially during the last 5 years in both the USA and Europe, though technology use remains lower among adolescents and some minority groups [1] [2] [3] . Much of this growth has been attributed to improvements in CGM accuracy as well as improved coverage by a variety of payers including Medicare in the USA [4, 5] . With the recent FDA approval of factory calibrated real-time CGMs including the integrated iCGM category, it is expected that CGM use will continue to grow in the near future [6, 7] .
Combination of a CGM, insulin pump, and automated insulin delivery algorithm, often referred to as an artificial pancreas (AP) system, holds immense potential to further glycemic improvements in individuals with T1D. The first hybrid closed loop AP system, the MiniMed 670G, was approved by the FDA in September 2016 in individuals ≥ 14 years old and in those 6-13 years old in June 2018 [8] [9] [10] . The MiniMed 670G has been demonstrated to improve A1C values by 0.6% in adolescents and adults with T1D and by 0.4% in schoolaged children [11] . A predictive low glucose suspend system using the Tandem X2 insulin pump and Dexcom G6 CGM was also recently FDA approved and has been shown to significantly reduce hypoglycemia without increasing average sensor glucose values [10] .
Despite these recent approvals and rapid advances in technology, numerous barriers exist which could potentially limit the benefits of AP technology. Limited on-body "real estate" and skin reactions to adhesives remain significant concerns for many people. In addition, some people may experience greater stress and data overload with the availability of continuous real-time data constantly reminding them about their T1D and the possible need to take more actions per day to control their blood glucose. Emerging AP systems will also vary in their designs and degree of user interaction and burden [12, 13] . The overarching goal of AP technology should be to maximize benefit and improve glycemic control while also minimizing burden for individuals with T1D and their families.
The primary purpose of this article is to review the biopsychosocial factors associated with using CGMs and insulin pumps including benefits, barriers, and burdens, as all are essential components to any AP system, and to shed light on the impact of these devices on the people who wear them. Second, research on the biopsychosocial aspects of sustained use of AP systems is reviewed. Finally, recommendations for improving AP devices from the biopsychosocial perspective are made in an effort to highlight the importance of these factors when developing future systems and improving those that already exist.
Current Uptake of CGMs and Insulin Pumps
Although there are demonstrated glycemic benefits to wearing CGMs for both children [14] [15] [16] and adults [16, 17] , uptake remains suboptimal primarily due to the burden of wearing the CGM device [11, 18, 19] . Although uptake has increased to 17-25% overall, with more uptake currently in preschoolaged and early school-aged children [1], CGM use is still relatively low given that several systems have been commercially available for almost two decades. In contrast, insulin pump use exceeds 60% in the USA and 40% in some European countries. Understanding the biopsychosocial benefits and barriers to CGM and insulin pump use is essential given that they are necessary components of any AP system.
Biopsychosocial Factors Associated With CGM and Insulin Pump Use

Biological Factors
Impact on Glucose Levels and Control Use of a CGM or an insulin pump has been shown to improve A1C [3, 20, 21, 22••, 23] and decrease the occurrence of hypoglycemia [24, 25] .
The impact of CGM use is undeniable, as demonstrated by a median reduction of 30% in hypoglycemic events in adults who use CGMs compared those who do not [24] . Analysis of T1D Exchange and Austrian/German DPV (Diabetes Patienten Verlaufsdokumentation) registry data showed that in almost 60,000 people with T1D, CGM use was associated with lower A1C regardless of insulin delivery method [1] . Furthermore, CGM users were more likely to achieve target A1C than non-users in both registries and pregnant women with T1D who use CGMs also experience reductions in hypoglycemia [26] . Sensor-augmented pump therapy, the practice of using a CGM and insulin pump together, leads to even greater improvements in both A1C and hypoglycemia than is seen with individual use of a CGM or pump [1, 27] ; however, at least one recent study found an increase in hypoglycemia in adults switching from injections to sensor-augmented pump therapy [28] .
Adverse Skin Reactions and Skin Infections Skin reactions and infections have been reported at the sensor site with firstgeneration CGM systems [29] [30] [31] and when using insulin pump infusion sets [32, 33] . Despite improvements to technology, skin reactions and infections continue to be an ongoing concern for individuals with T1D who use these devices [33] [34] [35] . They are particularly common in children and adolescents [29, 32] , when sweating and activity causes frequent skin irritation and adhesive problems [31] . In fact, 79.5% of youth with T1D are diagnosed with pruritus (70%), eczema (46%), and wounds (33%) as a result of CGM use [32] . Adults also report adverse skin reactions [35] including pregnant women who cite them as the primary reason for discontinuation [36] . With glycemic control being especially critical in the peripartum period, discontinuing CGMs likely introduces additional burden due to reduced opportunities to monitor glycemic control. Skin-related device burden is thus a significant barrier to sustained device use in a majority of individuals. Addressing this barrier is a vital component to increasing device use and improving the benefit to burden ratio for the broad spectrum of individuals with T1D.
Psychological Factors
Hypoglycemia Safety CGMs can increase a sense of safety from hypoglycemia while sleeping, exercising, and driving [11, 37] and confidence in controlling T1D [11] . The recent DIAMOND randomized trial of adult users of CGMs and multiple daily injections showed a significant increase of hypoglycemia confidence, as defined by the Hypoglycemia Confidence Scale [38] , compared to those in the control group [37] . This study also showed a marked increase in the CGM user's rating of their partner's hypoglycemia confidence, indicating a relational or social benefit. Similarly, several studies, dating back to the 1980s, have found a reduction in the prevalence and severity of hypoglycemia with insulin pump therapy [39] . Recently, a threefold decrease in the incidence of severe hypoglycemia when switching from multiple daily injections to insulin pump therapy was observed [40] .
Fear of Hypoglycemia Fear of hypoglycemia (FOH) is akin to a phobia and is an extreme fear of having low blood glucose levels. This phobia of hypoglycemia can result in purposeful behaviors to maintain hyperglycemia and/or extreme cognitive worry about low blood glucoses and their social consequences. Research on the impact of CGM and insulin pump use on FOH is limited, although more studies have focused on CGMs. In general, research on the impact of CGMs on FOH is mixed [41] with several studies reporting no impact of CGM [37, 42] or insulin pump [43] use on FOH. In contrast, the STAR3 study of children and adults with T1D showed significant improvement in FOH when comparing the period of time prior to sensor-augmented pump initiation and the period following initiation [44] . It is unknown if this was due to CGM use, insulin pump use, or the combination of both. In addition, a reduction in worry about hypoglycemia has been found for children and young adults and their caregivers when using CGM and insulin pumps [45] . Overall, more research is needed to determine the impact of CGM and insulin pumps on FOH. In addition, it will be extremely important to determine if the marked reduction in hypoglycemia that has been demonstrated with AP systems has a significant impact on reducing FOH in adults with T1D and children and adolescents and their parents, the latter of whom tend to experience more FOH than their children.
Self-Management Behaviors
As technology evolves, so must our measurement of self-management behaviors. Adherence to CGM and insulin pump use has typically been examined in the context of number of days of wear in the former [46, 47] and missed boluses in the latter [48, 49] . A comprehensive list of individual self-management tasks for CGMs (e.g., respond to alerts) and insulin pumps (e.g., carrying supplies, counting carbohydrates, administering boluses, checking blood glucose) has been described by Tanenbaum and colleagues [50] . Examination of the relationships between specific T1D self-management behaviors (e.g., blood glucose checking, carbohydrate inputs, and insulin bolusing) using objectively downloaded data from blood glucose monitors and insulin pumps has also been conducted [51, 52] . In general, children and adolescents demonstrate higher frequency of bolusing than to blood glucose checks and carbohydrate inputs [51, 53] . Although the combination of blood glucose checks, carbohydrate inputs, and insulin bolusing are essential to T1D self-management, these three insulin pump adherence behaviors are only completed 29-45% within a specified amount of time [51, 52] . Youth without wireless compatible blood glucose monitors do not input a substantial number of blood glucose results into their pumps, demonstrating the importance of using wireless monitors in T1D care as a tool to reduce the burden of additional manual steps [54] . Finally, a series of studies demonstrated that the frequency of blood glucose checks, carbohydrate inputs, and insulin bolusing increases before the T1D clinic visit (i.e., white coat adherence) [53, 55, 56] .
Quality of Life Two systematic reviews completed in the last decade note the difficulty in ascertaining the impact of technology on quality of life (QOL) due to the lack of wellcontrolled studies, and inconsistent assessment of QOL [57, 58] . Although some studies of CGM and insulin pump use have shown improvements in QOL [11, 37] , others have not [59] [60] [61] . Sensor-augmented pump therapy likewise has mixed QOL results, with some studies showing improvement, and others not [62] . For example, Hilliard and colleagues found an improvement in T1D-related QOL in youth 12 months after initiating insulin pump therapy with greater improvements in QOL in those with more depressive and anxiety symptoms at baseline [63] . However, Nueboer and colleagues found no difference in QOL between youth treated with an insulin pump and youth treated with multiple daily injections after 14 months of insulin pump treatment [64] . QOL benefits appear to be related to reductions in hypoglycemia and increased confidence in preventing hypoglycemia [11, 37, 65] , increased flexibility around mealtimes, and reduced diabetes distress and parenting stress [37] .
Depression and Anxiety The randomized controlled Juvenile Diabetes Research Foundation (JDRF) CGM trial reported that youth using CGMs had more trait anxiety (i.e., stability of unpleasant emotional arousal occurring on a daily basis) than those who did not wear CGMs [61] . In contrast, adults in the same study who were randomized to CGMs reported less state (i.e., unpleasant emotional arousal when faced with a threatening situation) and trait anxiety than non-CGM users [61] . Although the study was limited by a small sample size, findings suggest that CGMs may affect both state and trait anxiety differently in adults and children with T1D. Wong and colleagues found that an increase in depressive symptoms, as measured by the Children's Depression Inventory (CDI), was the only clinical or demographic variable associated with insulin pump discontinuation in adolescents [66] . Specifically, for every 1 point increase in CDI depression scores, there was a 20% increase odds of discontinuation. This suggests that depressive symptoms may influence attitudes towards pump use and result in reduced satisfaction with pump therapy leading to discontinuation.
Diabetes Distress Diabetes distress comprises the emotional burdens, stresses, and worries that may result from managing T1D [67] , which have been shown to decrease in adults with T1D who use CGMs [37] . Importantly, CGM use has also been shown to not worsen diabetes distress in adolescents [68] . However, diabetes distress may be a barrier to uptake of diabetes technology. In a recent study examining perceived barriers to CGM and insulin pump use with more than 1000 adults with T1D, those with higher levels of diabetes distress reported more barriers to diabetes technology use and had lower rates of technology use [19] .
Body Image Both CGMs and insulin pumps are visible on the body and both adults and adolescents describe feeling selfconscious about wearing them [19, 69, 70] . Some CGM users feel as if they look robotic or like a "cyborg" [70] , whereas some insulin pump users feel as if they are "shackled" to them [71] . Adults feel self-conscious during intimacy with sexual partners and are concerned about attractiveness [70] . Others dislike CGMs and insulin pumps because they draw attention, identify them as having T1D, or being different from others [19, 70] . Thirty percent of CGM discontinuers do not like the device on their bodies, which is cited as a reason for discontinuance; this was endorsed more frequently by younger adults than older adults [19] . Insulin pump users who discontinued pumps reported that the pump was bothersome during summer and physical activities and sport [72] .
Social Factors
Financial Burden The financial burden of CGM use is a perpetual problem [73] , as CGM sensors require replacement every 7-10 days, and transmitters need replacing on an annual or semi-annual basis. Similarly, insulin pumps require changes in insulin and infusion sets every 3 days. Cost is the primary reason for CGM discontinuance in adults with T1D [19] and has been routinely identified as a barrier to CGM [11, 19, 29, 74, 75] and insulin pump use [76] . Distress related to not knowing if continuation of CGM use will be possible when financial difficulties arise also occurs [75] . Adolescents have reported being concerned about losing CGMs because it is expensive [69, 77] . Overall, the ongoing expenses associated with CGM can lead to distress about finances as well as uncertainty about whether individuals can sustainably afford CGM for ongoing T1D management.
Technology Performance
Technological Difficulties Alarm fatigue is often cited as a concern when using CGMs [19, 42, 75, 78, 79] . Thirty-two percent of adult users in the USA who discontinued CGMs reported alarms as a primary reason for discontinuation [19] . Individuals with T1D also report concerns related to CGMs alarming at inconvenient times or causing unwanted attention to T1D at school, work, or personal settings and disturbing sleep [69, 77, 80] . While the frequency of alerts may be a nuisance in itself, it is also likely that alerts due to inaccurate readings cause additional frustration [19] . Fine-tuning alert settings can enhance CGM utility, but may not reduce the social burden of having attention called to the CGM user's T1D. Many studies have documented the technical difficulties that individuals with T1D experience using insulin pumps including software problems, key pad failure/problem, battery issues, cracked/physical damage, insulin leaks, and set/site failures including occlusion [76, [81] [82] [83] [84] . Although overall discontinuation rates for insulin pump use were low in both the T1D Exchange Registry data (3%) and the DPV database (4%), reasons for discontinuation included problems with wearability (57%), disliking the pump and/or feeling anxious about it (44%), and problems with glycemic control (30%). Other reasons included perceiving the pump as too complicated, pump malfunction, and feeling that it did not help [76] .
Accuracy and Trust Perceived inaccuracy of CGM and subsequent loss of trust in the system are other barriers to CGM use in older CGM systems. Early commercial CGM systems showed accuracy only within 15-20% of blood glucose meters, providing an unacceptable level of accuracy for many people with T1D [74, 85] . Accuracy has gradually improved with new iterations of sensors [86, 87] and has been confirmed for sensors inserted in a variety of locations on the body [88] . CGM accuracy can vary with calibrations, placement, and rate of change, and are the source of significant distress when the device is perceived as being inaccurate [19, 75] . In fact, nearly 33% of CGM discontinuers identified lack of accuracy as a primary reason for discontinuing CGMs, and 18% identified lack of trust in the system for discontinuance [19] . These two concepts are interrelated, as accuracy is a fundamental component of being able to trust the system to appropriately monitor glucose levels, especially for hypoglycemia [75, 89] .
Overview of AP Systems
AP technology involves combining a CGM, an insulin pump, and an algorithm that automates basal insulin delivery every 5 min based on predicted trends in CGM values (Fig. 1 ) [90] [91] [92] [93] . A fully closed loop system would automate all insulin delivery including basal insulin and bolus requirements for meals without requiring any user interaction [9, 94] . No fully closed loop system is commercially available, though several designs have undergone preliminary testing [94] . Current AP systems are considered hybrid closed-loop systems, as they involve automation of basal insulin delivery, but still require user input of carbohydrate consumption and delivery of manual insulin boluses for meals [17] .
The benefits of AP technology have been well documented in two recent meta-analyses [95, 96] . Weisman and colleagues examined 24 randomized controlled trials of AP systems involving a total of 585 participants using both single (i.e., insulin only) and dual hormone (i.e., insulin and glucagon) systems [95] . They found that time in target range was 12.6% higher with AP systems (p < 0.0001) from a weighted mean of 58.2% for conventional insulin pump therapy. Subanalysis showed statistically significant improvement with AP technology for time in target range and hypoglycemia reduction for both pediatric and adult cohorts and for the 24-h and overnight periods [95] . Bekiari and colleagues examined 40 randomized controlled trials of 1027 participants using both single and dual hormone systems [96] . They found that time in range was 9.62% higher with AP systems during the 24-h period and 15.15% higher overnight [96] . Sub-analysis showed significant reduction in hypoglycemia with AP use both overnight and during the entire 24-h period. Taken together, these two robust meta-analyses show that AP systems with various designs provide significant improvement in glycemic control and reduction in hypoglycemia.
Focusing specifically on the commercially available MiniMed 670G, the pivotal trial results showed improved time in target range of 5% for adults and 6.8% for adolescents with an improvement in A1C of 0.5% for adults and 0.6% for adolescents (all p values < 0.001) [8, 97] . Further analysis showed that the insulin to carbohydrate ratios were more aggressive for all meals when using the AP than during the runin phase, though the total daily dose and basal to bolus ratios of insulin did not change [98] . Time in range increased by 14% with auto mode use, though the percentage of time in auto mode gradually declined over the course of the 3-month study from 87 to 72% [98] . The reasons for this decline in use are not yet clear, though they may relate to user fatigue with frequent calibrations and the need to provide confirmatory blood glucose values. Studies are currently underway to better understand the decline in use across time. Preliminary data in an observational real-world setting of children and adolescents has shown that in 59 patients using the 670G for 45 days, time in auto mode was 71%, time in target range was 61%, and time in hypoglycemia was 1% [99] . Time in auto mode was highly correlated with better mean glucose, reduction in standard deviation in glucose, improved time in target range, and reduced hyperglycemia. Thus, AP technology holds the potential to dramatically improve real-world glycemic control for individuals with T1D who are able and willing to use AP technology as intended (i.e., staying in auto mode).
User Experience with AP Systems
Psychosocial outcomes have the potential to complement the biological improvements that may result from AP systems, and addressing and improving them are essential to increasing AP system acceptance by individuals with T1D [100] . The extant literature examining the biopsychological factors associated with AP system is just beginning as systems are still in development and the first hybrid closed-loop system was only recently approved for commercial use.
A study using the MiniMed 670G showed that adolescents and adults with T1D felt that terms such as "closed loop" and "artificial pancreas" were misleading and that devices were not as "hands off" as expected [101] . This suggests that individuals expect AP systems to reduce the burden of self-care behaviors. This mismatch between expectations and reality is concerning because most AP systems in the near future will continue to require traditional T1D self-management behaviors, such as checking blood glucose, counting carbohydrates, and bolusing for meals. Therefore, it is important for individuals to understand the need to continue to adhere to selfmanagement behaviors if they are to reap the benefits of improved glycemic control with AP systems. Further, as AP systems advance, it is important that the number of self-care behaviors required of individuals decreases.
Farrington recently reviewed research on the psychosocial aspects of closed-loop AP systems focusing on the user experience of available technologies such as insulin pumps and CGMs [102] . This review identified 13 key insulin pump and CGM studies as having salient themes to AP psychosocial research. The synthesis of this review was that the user experience of and level of trust in AP systems has been largely positive, though a wide array of perceived burdens in addition to perceived benefits were reported. The overall intention to use AP systems was also high, typically > 70%. In studies examining system opinions before and after use, the changes in intention to use were mixed, with one study showing decreased intention to use, one increased intention to use, and two showing no change. The studies also reported positive findings for trust in the AP systems. Farrington raises the concern that trust in AP systems may decrease outside of a Fig. 1 Closed-loop control with artificial pancreas. An on-body CGM measures the individual blood glucose in real time. The glucose value is then sent to a control algorithm which uses a series of mathematical equations to determine the insulin dose for that time period. The insulin dose required is then transmitted to the insulin pump and the insulin is delivered to the individuals. The individual body then responds to the insulin dose with a new blood glucose value and the cycle repeats research setting, though we would contend that commercial systems are more stable, robust, and fully vetted than research platforms, thus increasing the trust compared to an experimental platform. These studies also showed expected benefits for reduced fear of hypoglycemia, reassurance of family members, reduced anxiety, improved sleep, and ability to trust something else to manage T1D for a period of time: "time off from T1D," and greater "freedom." Farrington notes that those using systems for longer periods seemed to experience more benefits than those using systems for short periods of time. The conclusions from this review were that the psychosocial impact of AP systems is currently complex and ambivalent and that future research is critically needed to explicitly measure the effects on psychosocial outcomes.
Conclusions and a Call to the Field of Diabetes Technology
Significant advances in diabetes technology have occurred during the last two decades. In their current form, diabetes technologies can only perform as well as their algorithms and the people who use the devices. Indeed, data from the T1D Exchange registry have shown that overall glycemic control has not significantly improved for many people with T1D and in fact has worsened for adolescents and young adults, despite increased uptake of new devices. This is because technology has mainly benefited those who are highly engaged and motivated to adhere to demanding self-care regimens required for insulin pump and CGM use long term and not those who are at greatest risk for suboptimal glycemic control and struggle to adhere to these regimens. In fact, several studies have shown that those with the highest A1C level are at the greatest risk of discontinuing use of diabetes technologies. If diabetes technology is to make an impact on glycemic outcomes on a larger scale, future diabetes technologies must reduce the complexity and burden of T1D self-management. Moreover, the benefits from new diabetes technology will need to significantly outweigh the burden of AP to drive uptake of new AP technology. Device companies will need to incorporate factory calibrated or calibration optional CGMs which require fewer blood glucose checks. They will need to continue to improve on pump and CGM insertion devices to minimize pain and inflammation. AP systems must be easy to use over extended periods of time and reduce the risk for hypoglycemia without increasing the complexity of the system.
On a practical level, it is important for technology companies and providers to make sure individuals have realistic expectations of current and future AP systems. Providers must also address the needs of individual patients and increase their potential for long-term success with AP technology. In this way, the diabetes care team will play a critical role to meet the needs of individuals with T1D and optimize the use of AP systems. Care teams must engage individuals with T1D to maintain long-term use of AP technology and avoid technology burnout.
The literature reviewed in this article on the biopsychosocial factors associated with CGM and insulin pump use provided many lessons learned: (1) the biological limitations must be addressed (e.g., decrease skin problems) and (2) psychological and social impacts have been understudied and the information they provide has not been capitalized upon. Current efforts are underway to improve existing measures assessing the human and psychosocial factors that influence uptake and continued use of diabetes technology [100, 103] . With this in mind, future studies will need to address the psychosocial hurdles individuals with T1D and their families face when initiating and maintaining use of AP technology. In this way, clinical research can help to increase uptake and maintain use of AP while minimizing the burden of technology use especially when psychosocial barriers are also addressed.
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